Abstract
The research which led to the discovery of the cell culture-adapted strain of HEV also 108 produced an infectious cDNA clone, passage 1 Kernow-C1 HEV (Genbank accession no. whereas the Kernow-C1 P6 HEV strain expressed HEV ORF2 protein in 10-45% of transfected 115 Huh7 S10-3 liver cells (24). Having two infectious cDNA clones derived from the same patient 116 fecal sample with one lacking elements required for enhanced replication gives us a unique 117 opportunity to assess the molecular determinants allowing the Kernow-C1 P6 strain to replicate 118 better than Kernow-C1 P1 strain.
119
RPS17 is a basic protein with a predicted molecular weight of 15.5 kDa composed of 135 120 amino acids. It is transcribed from five exons located on human chromosome 15 (27, 28) . 
Materials and Methods

140
Expression vectors, HEV infectious cDNA clones, and cells.
141
Passage 1(lacking the RPS17 insertion) and passage 6 (containing the RPS17 insertion) 142 strains of genotype 3 Kernow-C1 HEV infectious clones in the pBlueScript SK(+) vector were 143 described previously (24). The swine HEV infectious cDNA clone was pSHEV-3 which was 144 described previously (34). Enhanced YFP (eYFP-N1) was from Clontech and triple YFP-N1 
151
The HEV ORF1 was amplified by PCR from the P1 and P6 Kernow C-1 HEV strain 152 cDNAs using the primers spk402 (5'-CATCATGCTAGCATGGAGGCCCACCAGTTC-3') and 153 spk403 (5'-CATCATAAGCTTACATTCTACCCGCTGTAT GATGG-3') and subsequently 154 cloned in frame with the eYFP using restriction sites NheI and HindIII. Additionally, the HVRs 155 of passage 1, passage 6, and passage 6 virus containing point mutations within RPS17, or 156 passage 6 virus containing substitutions in place of the RPS17 insertion were amplified by PCR 8 spk438 (5'-CATCATAAGCTTCAGCCAATCACAGTCTGATTCAAA-3'), and subsequently 159 cloned into the triple YFP vector using restriction enzymes XhoI and HindIII. The Spk437 160 primer introduces a methionine start codon to the HVR proteins.
162
Imaging subcellular localization of HEV ORF1 and HVR YFP fusion proteins.
163
Huh7 S10-3 cells were seeded on 6 well plates with coverslips. Cells were transfected 164 with plasmid DNA encoding full-length ORF1 or amino acids 587-875 (P6 numbering) in frame 165 with YFP using either XTreme Gene 9 (Roche) or Lipofectamine LTX (Invitrogen), fixed in 4% 166 paraformaldehyde 17-20 hours post-transfection, incubated with 4', 6-diamidino-2-phenylindole 167 (DAPI), and mounted to slides using aquapolymount (Polysciences Inc.). Cells were imaged with 168 either a Nikon TE2000 inverted microscope using a Photometrics HQ2 camera or a Zeiss 510 169 LSM confocal microscope. 
173
To facilitate mutation of the HVR region of the P6 Kernow HEV containing the RPS17 174 insertion, we utilized overlap extension mutagenesis to insert a NheI site and a StuI site flanking 175 the RPS17 insertion within the Kernow C-1 P6 HEV. These unique restriction sites allowed us to 176 directly insert artificial gene sequences engineered with NheI and StuI sites rather than doing 177 multiple rounds of PCR-based mutagenesis. The Kernow-C1 P6 HEV infectious clone contained 178 a NheI site within the pBluescript vector. This site was removed by linearizing the vector using
179
NheI and then further incubation with Klenow reagent followed by blunt end ligation and 180 selection for clones which lost the NheI site. This NheI deficient plasmid was subsequently used as the template for overlap extension PCR mutagenesis. Mutagenic PCR was conducted using 182 primers spk416 (5'-Gttcagcgctggtactctg-3'), spk528 (5'-gtaaggggcacGCTAgctgcatc-3'), spk527
183
(5'-gatgcagcTAGCgtgccccttac-3') and spk415 (5'-gaccaggccggcgt-3') followed by another 184 round of amplification using primers spk416 and spk415. These amplicons along with the NheI 185 deficient plasmid were then digested with NdeI and BamHI restriction enzymes followed by 186 ligation and transformation into E coli. Clones were screened for gain of a NheI site which was 187 verified by sequencing. Clones containing the HVR NheI site were then used as the template for 188 a second overlap extension PCR mutagenesis using primers spk416 and spk526 (5'-189 cgtgtagGCctcctcggaggG-3') and spk415 and spk525 (5'-CcctccgaggagGCctacacg-3') followed 190 by another round of PCR using primers spk416 and spk415. Amplicons were then digested using
191
NdeI and BamHI and cloned into the Kernow C-1 P6 HEV infectious clone plasmid. Clones were 192 screened for a gain of NheI and StuI restriction sites and subsequently verified via sequencing.
193
The NheI site was introduced silently producing no amino acid changes in the ORF1 protein, In vitro transcription and transfection of Huh7 liver cells.
209
Plasmids were linearized at the 3' terminus using a MluI restriction site. Capped RNA 210 transcripts were generated using the Ribomax T7 in vitro transcription kit (Promega) with anti- followed by goat anti-mouse IRDye680 (LiCor). Blots were then re-probed with rabbit anti-268 methyl lysine (StressMarq Biosciences) followed by donkey anti-rabbit IRdye800 (LiCor). Blots 269 were imaged using an Odyssey CLx infrared imaging system (LiCor). 
284
We were unable to detect endogenous levels of HEV ORF1 during infection utilizing The RPS17 sequence insertion in the Kernow C-1 P6 HEV HVR bestows functional nuclear 297 localization to yellow fluorescent protein.
298
In order to determine whether the RPS17 sequence or other amino acid differences 299 outside of the insertion were responsible for nuclear trafficking, an expression construct 300 containing three consecutive copies of YFP protein was created to assess nuclear trafficking 301 ability of the HVR from Kernow C-1 P6 and P1 HEV strains. Triple YFP with a size of 302 approximately 80kDa is above the size limit for passive diffusion through the nuclear pore 303 (50kDa) (43). For this triple YFP protein to be found in the nucleus, the amino acids attached to 304 it must contain an active nuclear localization signal (NLS). We inserted HEV ORF1 amino acids (Fig. 2B) . When transiently expressed in Huh7 liver cells, triple YFP with no 308 additional amino acid sequences localized predominantly to the cytoplasm ( Fig. 2B panel a) .
309
The HVR from HEV P1 virus also localized predominantly to the cytoplasm (Fig. 2B panel b) 
310
suggesting that there were no active nuclear localization signals within the HVR of the P1 strain.
311
However, the HVR from P6 HEV localized predominantly to the nucleus of Huh7 cells 312 suggesting that an active nuclear import signal within the inserted RPS17 sequence in the HEV 313 P6 HVR bestows active nuclear import signals to the Kernow C-1 HEV ORF1 protein. Despite the fact that swine HEV, Kernow P1, Kernow P6, and Kernow P6 NheI/StuI 319 strains of HEV all belong to genotype 3 HEV, there were marked differences in their ability to be 320 expressed within Huh7 liver cells (Fig. 3A and 3B ) and concomitantly their abilities to infect 321 HepG2C3A cells (Fig. 3B) . The cell culture-adapted HEV P6 strain produced detectable ORF2 (Fig. 3C) .
335
Mutation of lysine residues within the RPS17 insertion of the Kernow C-1 P6 HEV alters 336 nuclear localization.
337
To map the determinants contributing to nuclear localization of the HVR of Kernow C-1 338 HEV P6 virus, we mutated either singly or in combination the lysine amino acids 32, 44, 45, and 339 49 and/or arginine amino acid 33 (Fig. 4A) as these basic amino acids were previously shown to 340 be involved in nuclear import of RPS17 (33). As expected, mutation of K44/45A or K49A singly was not sufficient to abolish nuclear localization of the HEV P6 HVR protein tagged with triple 342 YFP (Fig. 4B) . However, mutation K44/45/49A or K32/33/44/45/49A (S17TKO) was sufficient 343 to abolish nuclear localization (Fig. 4B) . 
348
Mutation of RPS17 K44/45A, K49A, and K32/44/45/49A (S17TKO) reduced the number 349 of cells expressing HEV ORF2 protein to 6.65%, 8.57%, and 2.99% respectively (Fig. 4C) . Each (Fig. 4C) . When the transfected Huh7 cell lysates from the K44/45A and K49A
355
were used to infect HepG2C3A cells, they infected to a similar degree as the HEV P1 strain (P1 356 = 1.18%, KK44/45AA = 0.70%, and K49A = 0.75%, P=0.14 and P=0.093 respectively). The 357 triple lysine knockout HEV mutant (S17TKO) did infect significantly less HepG2C3A cells 358 (0.12%) than HEV P1 (1.18%), P = 0.0053 (Fig. 4D) . and in vitro species tropism expansion, we chose four heterologous amino acid sequences to 365 replace RPS17 (Fig. 5A) signals but the inserted sequence was lysine rich (9 lysines compared to 6 in RPS17).
373
As expected, the substituted RSV NC sequences bestowed nuclear trafficking functions 374 to the HEV HVR (Fig. 5B panels b and c) . The yeast poly A insertion did not have an active
375
NLS and consequently the HEV HVR remained predominantly cytoplasmic (Fig. 5B panel d) .
376
The RibL3 protein insertion had an active nuclear localization signal producing fluorescence 377 both within the nucleus and both diffuse and punctate within the cytoplasm (Fig. 5B panel a) . Fig. 5C ). It was also not capable of infecting HepG2C3A cells to a higher 407 degree than the HEV P1 strain (0.52% vs. 1.18%, P = 0.11) (Fig. 5D) , nor was it capable of 408 infecting BHK-21 cells to a greater extent than the HEV P1 strain (0.57% vs. 1.22%, P = 0.1) 409 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from (Fig. 5E) . Finally, addition of a heterologous ribosomal sequence from the L3 protein was 410 unable to express HEV ORF2 protein in more cells than the HEV P1 strain (5.99% vs. 8.24%, P 411 = 0.75), the RibL3 HVR insertion was actually significantly worse than the P1 strain at infecting 412 both HepG2C3A cells (0.11% vs 1.18% P= 0.036) (Fig. 5D) and BHK-21 cells (0.33% vs.
413
1.22%, P = 0.035) (Fig. 5E) . were predicted to be acetylated (Fig. 6A) .
434
Small ubiquitin-like modifiers (SUMO) are involved in numerous cell processes 435 including nuclear-cytosolic transport, transcriptional regulation, and protein stability.
436
SUMOylation of the insertions in the HEV P6 HVR was predicted using SUMOplot software 437 from Adgen. Only lysines 773 (0.27) and 794 (0.44) from the RSV NC insertion and lysine 768 438 (0.58) and 773 (0.61) from the RibL3 insertion were predicted to be SUMOylated (Fig. 6A) .
439
Ubiquitin is an 8.5kDa regulatory protein which can signal for protein degradation via (Fig. 6A) .
450
Because the HEV P6 RPS17 insertion was predicted to be methylated and this 451 methylation state differed from both the RSV NC and yeast poly A HVR insertions, which were 452 not as infectious as wild-type P6 virus, we experimentally tested whether the RPS17 insertion 453 from P6 HEV was methylated using an anti-methyl lysine antibody. Despite equivalent levels of 454 P6 and P1 HVR expression, no significant lysine methylation was observed (Fig. 6B) . This suggests that either the amount of methylation of the lysines is very small, is dependent on 456 expression of other viral proteins, or it is not actually methylated.
458
Discussion
459
Retroviruses, many DNA viruses, and some negative-stranded RNA viruses utilize both 460 the nucleus and cytoplasm for viral replication and assembly (45, 46) . In this study, we show for HEV ORF2 protein to levels significantly less than the wild-type P6 HEV strain (Fig. 4) .
467
Additionally, heterologous protein sequences from ribosomal protein L3 and RSV NC protein 468 which also bestowed nuclear localization to HEV ORF1 also expressed significantly less HEV
469
ORF2 protein than the wild-type strain (Fig. 5) .
470
In this study, we attempted to use forward genetics to determine which functional aspects 471 of the RPS17 insertions could be leading to enhanced viral protein expression and infectivity.
472
We utilized the Rous Sarcoma virus (RSV) NC protein which possesses nucleic acid binding, The inserted RibL3 sequence contained an NLS, as it bestowed nuclear trafficking ability to the 487 HVR triple YFP construct, but could not restore HEV ORF2 expression to HEV P6 levels. This 488 result suggested that not just any ribosomal protein is capable of enhancing HEV expression nor 489 is general nuclear localization a contributing factor.
490
Another possibility that could be contributing to the enhanced expression of the P6 HEV 491 is the gain of post-translational modification through the RPS17 insertion in the HEV HVR.
492
Lysines are notable for their ability to be post-translationally modified. Lysines can be modified 493 through acetylation, biotinylation, carboxylation, neddylation, pupylation, SUMOylation, and 494 ubiquitination which can modify protein function. Although we cannot fully rule out differences 495 in post-translational modification causing the enhanced viral protein expression and infectivity of 496 the HEV P6 strain, we do not see a likely correlation between the predicted lysine acetylation, 497 SUMOylation, ubiquitination, or methylation and the differences in expression of P6 to P1 or 498 any of our mutations (Fig. 6A) .
499
The effects the RPS17 insertion on enhancing the replication of the HEV P6 strain 500 appears to be dependent on having lysine residues at RPS17 amino acids 49 and 44 or 45 as mutation of these residues to alanine lowers the expression and infectivity of the P6 strain to that 502 of the P1 strain. Lysine is a basic amino acid often participating in hydrogen bonding through the 503 generation of salt bridges and is thus often found in active binding sites, suggesting that protein-504 protein interactions occurring at this position within the RPS17 protein could be contributing to 505 enhanced HEV replication.
506
One interesting example of a viral protein interacting with host ribosomal proteins is the 507 case of the Hantavirus nucleocapsid (N) protein which interacts with the RPS19 protein (57-59).
508
The authors showed that RPS19 interaction with N protein facilitates ribosome loading onto the that have been difficult to study thus far due to their inability to sufficiently grow in cell culture.
530
Another question that remains to be answered is that, since the cell culture-adapted P6 HEV fixed in methanol, probed with rabbit anti-ORF2 followed by goat anti-rabbit PE antibodies.
601
Each bar represents a minimum of 5 replicates stained in parallel. Asterisks (*) indicate samples 602 were significantly lower than both P6 and P6 NheI/StuI (P < 0.05). Octothorpe (#) indicates 603 samples were statistically lower than P1 (P < 0.05). 
